The plasmonic interaction eects of various nanostructures on the uorescence properties of photosystem I as found by single-molecule spectroscopy are summarized. The used nanostructures are spherical Au nanoparticles, silver island lms as well as hexagonal arrays of nanometer-sized Au-and Ag-triangles (the Fischer patterns). The uorescence emission of photosystem I is intensied due to coupling with these nanostructures. For single photosystem I complexes, enhancement factors of up to 37 were observed. The average enhancements vary between 2.2 for Au Fischer pattern and 9 for spherical Au nanoparticles. The enhancement of the uorescence of photosystem I demonstrates in all cases a strong wavelength dependence. This wavelength dependence can be explained by the spatially largely extended multichromophore composition of photosystem I complexes. From the viewpoint of the usability of these nanostructures for spectroscopic signal enhancement, the Fischer patterns are benecial, due to their very low autoluminescence.
Introduction
Metallic nanostructures in combination with proteins connected to their surface (bio-nanohybrids) provide one of the most adaptable architecture for design and implementation of bio-functionality at the nanoscale [1, 2] .
The broadness of the eld of applications relies on the malleable characteristics of nanostructures combined with the vast diversity of protein functions [2] . One eld of research deals with improving the applicability of plasmonic nanostructures for absorption/emission enhancement of uorophores [3] : this is useful for e.g. increasing sensitivity of uorescence-based assays in drug discovery and high throughput screenings.
Biophysical applications using nanostructures must be carefully designed because the interaction between proteins and metal nanostructures can lead to modications of both interaction partners.
While molecular adsorbates on the surfaces of nanoparticles can modify the surface plasmon resonances [4] , the plasmonic interaction can also aect protein function [5] . As a consequence, a deep understanding of the fundamental interaction mechanisms between metal nanostructures and proteins is necessary for the design of hybrids with tailored
properties.
An advantage for all techniques using the absorption/ emission properties of the chromophores is that chromophores close to metal nanoparticles are less prone to optical saturation and thus have a higher maximum emission rate and show dramatically decreased uorescence * Present address: ICFO Institut de Ciencies Fotoniques, Av. Carl Friedrich Gauss num. 3, 08860 Castelldefels, Barcelona, Spain. † corresponding author lifetimes [6] . Thus nanoparticles can be utilized to enhance the signal of chromophores in a simple way, a benecial eect especially for single-molecule techniques, where the detection of uorophores is often limited by low signal intensities.
In this work, we compare the eects of the coupling of photosystem I (PSI) to ordered and unordered nanopar- Fig. 1b [7] . Such patterns can be produced by nanosphere lithography [8, 9] ; an inexpensive, inherently parallel, high-throughput nanofabrication technique capable of producing well-ordered 2D periodic nanostructure arrays from all dierent kinds of vaporizable materials [8, 9] . The size of the nanostruc- or chemical energy [10, 19, 20] . Among the 100 chlorophylls some chlorophyll dimers and trimers with lower site energies than the reaction center with its main absorbance at 700 nm (P700) were found [2126] . Although activation energy for the uphill energy transfer towards P700 is required, these low energy chlorophylls are nevertheless involved in the excitation energy transfer towards the reaction centers. Due to these astonishing properties, the so-called red chlorophylls are of great interest and their function is still under debate [25, 26] . The transfer from the dierent red states to P700 is blocked at low temperatures and the energy is partially released as uorescence emission detectable down to the single-molecule level [2729] . Several of these red chlorophylls contribute to the uorescence spectrum of single PSI trimers. They dier in their site energies, intensities and susceptibility for spectral diusion. Therefore, sharp stable lines as well as broad intensity distributions are present in the spectra of single PSI complexes. The sharp lines represent chlorophylls that are aected by spectral diusion with low rates. The probability of observing those sharp lines stable in wavelength is high in the wavelength region between 700 and 715 nm. The broad intensity distributions are due to chlorophylls that are aected by spectral diusion with much higher rates. These distributions dominate the spectra at longer wavelength [29, 30] .
Material and methods
Isolated and puried PSI trimers from Th. elongatus (procedure described in Ref. [31] ) were diluted in buer solution for single-molecule measurements as described in Refs. [5, 32] . The experiments on PSI trimers are comprised of two dierent experiments. One experiment was performed starting with a PSI solution obtained from the resolubilization of PSI crystals [5] and the other with a PSI solution where glycerol was added for storage at cryogenic temperatures [32] . To couple PSI to AuNP (PSI AuNP) an excess of colloidal gold nanospheres of approximately 100 nm diameter (BBInternational) was added to the PSI buer solution (AuNP:PSI ratio ca. 12:1). To couple PSI to the nanostructures (SIF, Au∆ and Ag∆) the diluted PSI solution was placed on top of these surfaces, a detailed description is given in Refs. [5, 32] . The preparation of SIF was performed as described in paper of Chowdhury et al. [33] . Figure 1a shows an AFM image of a SIF structure as used for the described experiments. The Fischer patterns were produced by nanosphere lithography as described in Refs. [8, 32] . Figure 1b shows an AFM image of an Ag∆ structure as used for the described experiments. Experiments were carried out using a home-built confocal microscope operating at 1.3 to 1.4 K as recently described in Ref. [34] .
The usual exposure time for each spectrum was 1 s in a sequence of spectra resulting in a typical S/N-ratio of > 6 for single uncoupled PSI complexes at an excitation power of 100 µW. Refs. [5, 32] . To study the inuence of the nanostructures on the uorescence emission properties of PSI, spectra from intense spots in the pure and in the hybrid samples were collected, sorted out if associated to nanostructure luminescence, and compared. All spectra taken on various intensity spots of the PSIAu∆ as well on the PSI Ag∆ show PSI uorescence emission characteristics and thus sorting was not necessary for these hybrid structures. Table. Fig . 3 . Intensity histograms of PSI signals (green), PSIAu∆ (blue), and PSIAg∆ (lilac). The intensities of the individual complexes were obtained from spectrally resolved data. The counts detected in the wavelength region 695780 nm were integrated after subtraction of a constant background to eliminate dark counts and stray light. Finally, these values were summarized for the rst 120 s of the sequences. The gure is taken with modications from Ref. [32] . FRET-coupled systems as the peridininchlorophyll protein close to plasmonic structures [3, 6] .
Results and discussion
The extinction spectra of the used nanostructures show only a weak variation (≈ 20%) [2, 36, 43] over the emission range of PSI. This variation is much smaller than the variation of the enhancement factor observed for the PSI-nanohybrids (Fig. 5 ). Therefore we assume that the observed emission prole changes cannot be explained by simple convolution of PSI emission with the plasmon spectra (plasmonic shaping). The deviations from the linear enhancement must rather be rationalized by intrinsic properties of PSI, as they are: a large lateral extension of the molecular complex and the specic couplings of the chromophores within the complex.
The shape of a PSI trimer can be approximated by a cylinder measuring around 20 nm in diameter and approximately 5 nm in height. Figure 7 shows a scheme where the extension of PSI is compared to a enhancement curve as measured for spherical AuNP in resonant coupling conditions with a uorophore according to Ref. [37] . If the PSI complex is located close to the surface of the nanoparticle, some chlorophylls are in the quenching regime, whereas others are in conditions for maximum enhancement.
Therefore, the shape of the emission spectrum of an individual PSI complexes close to a nanostructure can deviate remarkably from the shape of uncoupled PSI (Fig. 6 ).
The chromophores in light harvesting systems are coupled to ensure fast and ecient energy transfer to the reaction centers [21] . The energy transfer eciency depends on the spectral overlap, spatial separation, and orientation of the involved chromophores [44] . The specic coupling conditions between the chromophores lead to a characteristic set of transition rates and thus to preferred energy transfer pathways [44, 45] . The interaction between coupled chromophores and plasmonic struc- Fig. 7 . Illustration of the distance dependence of the enhancement factor. On top, the enhancement factor depends on the distance between chromophores in PSI and the surface of the metal nanoparticle. The structure of a PSI trimers is given and the region of quenching and enhancement are color coded as given. The curve given below visualizes the slope of the enhancement in more detail; the curve is adapted from Ref. [37] .
tures alters Förster-interaction distances between chromophores [46] . The exciton distribution on the chromophores of PSI most probably gets largely changed as a result of these plasmonic interaction eects. Additional energy transfer pathways will be formed and chlorophylls that do not participate in the native/uncoupled state could be involved. In addition, chromophores, which were almost non-uorescent before become uorescent. Particularly, we observed such an enhanced uorescence emission from energetically higher lying chlorophyll states, indicating an overall reduced excitation feeding of the reaction center.
Conclusion
In conclusion, the investigated PSI-nanohybrids 
